Background and purpose. One of the newer audit modalities operated by the International Atomic Energy Agency (IAEA) involves audits of treatment planning systems (TPS) in radiotherapy. The main focus of the audit is the dosimetry verification of the delivery of a radiation treatment plan for three-dimensional (3D) conformal radiotherapy using high energy photon beams. The audit has been carried out in eight European countries -Estonia, Hungary, Latvia, Lithuania, Serbia, Slovakia, Poland and Portugal. The corresponding results are presented. Material and methods. The TPS audit reviews the dosimetry, treatment planning and radiotherapy delivery processes using the 'end-to-end' approach, i.e. following the pathway similar to that of the patient, through imaging, treatment planning and dose delivery. The audit is implemented at the national level with IAEA assistance. The national counterparts conduct the TPS audit at local radiotherapy centres through on-site visits. TPS calculated doses are compared with ion chamber measurements performed in an anthropomorphic phantom for eight test cases per algorithm/beam. A set of pre-defined agreement criteria is used to analyse the performance of TPSs. Results. TPS audit was carried out in 60 radiotherapy centres. In total, 190 data sets (combination of algorithm and beam quality) have been collected and reviewed. Dosimetry problems requiring interventions were discovered in about 10% of datasets. In addition, suboptimal beam modelling in TPSs was discovered in a number of cases. Conclusions. The TPS audit project using the IAEA methodology has verified the treatment planning system calculations for 3D conformal radiotherapy in a group of radiotherapy centres in Europe. It contributed to achieving better understanding of the performance of TPSs and helped to resolve issues related to imaging, dosimetry and treatment planning.
Quality assurance (QA) in all aspects of radio therapy reduces the number of instances of accidental dose misadministration. Reduction of such errors and uncertainties plays an important role in the outcome of radiotherapy [1] . It is generally agreed that, based on clinical dose-response curves, the overall accuracy of the dose delivery should be better than 5% [2, 3] .
The International Atomic Energy Agency (IAEA) has a long standing history of conducting dosimetry audits in radiotherapy using thermoluminescence dosimeters (TLD). TLD audit to verify the radiotherapy beam output in reference conditions was started in 1969 [4] . Since then, the dosimetry audits have gradually evolved from the basic beam calibration audit that is the most essential step, by including other beam parameters [5] , progressing to complex treatment techniques, verifying treatment planning and delivery [6] , and finally auditing the complete process of radiation treatment using a comprehensive audit within the framework of Quality Assurance Team for Radiation Oncology (QUATRO) [7] . These developments bring the dosimetry audit scope closer to the patient treatment setting and therefore have the potential to increase possible benefits. The IAEA, based on its Technical Report Series 430 [8] has developed a Technical Document (TECDOC 1583, [9] ) outlining a set of practical clinical tests for treatment planning systems (TPSs) to help the users to verify the dosimetry part of the TPS. This methodology was successfully tested in a number of different centres and forms the foundation of the IAEA TPS audit programme [6] . The TPS audit reviews the dosimetry, treatment planning and radiotherapy delivery processes in radiotherapy centres using an 'end-to-end' approach, i.e. following the pathway similar to that of the patient, through imaging, treatment planning and dose delivery.
The main focus of the audit is the dosimetry verification of the delivery of a radiation treatment plan for three-dimensional conformal radiotherapy (3D-CRT) using high energy photon beams. The audit has been carried out in eight European countries -Estonia, Hungary, Latvia, Lithuania, Serbia, Slovakia, Poland and Portugal. The data presented here reflect the status of radiotherapy physics practices in participating centres and provide information on the accuracy of dose delivery that is realistically achievable in these centres.
Material and methods

Audit operation
The audit was implemented at the national level with IAEA assistance. The IAEA provides equipment (a semi-anthropomorphic dosimetry phantom) and the detailed audit methodology (based on the IAEA TECDOC 1583 [9] ), as well as expert services to help the national auditing organisation to introduce the TPS audit in a particular country. The auditing organisation was usually a medical physics group or a department of a recognised radiotherapy centre nominated by the national authorities or formally endorsed by the medical physics society in the country. At first, the local dosimetry equipment was checked against the auditor equipment and then the audit was performed by the IAEA expert in a radiotherapy department of the national auditing organisation. This was used to transfer the audit methodology to the national level and to ensure that it would be consistently applied in other centres in the country. Before starting the audit programme in the country, a one-day workshop was organised for medical physicists from different radiotherapy centres to present the methodology and discuss the audit operation and logistics. Following the workshop, the auditing organisation conducted the TPS audit at local radiotherapy centres through on-site visits. The participation of the centres in the audit was voluntary. The audit required about 12-14 hours per centre including about three hours of a linac time.
Phantom and its computed tomography (CT) imaging
For the measurements of clinical test cases, a commercially available semi-anthropomorphic CIRS Thorax (CIRS Inc., Norfolk, VA, USA) phantom has been used. The phantom consisted of a thoracic body made of plastic water-equivalent material (plasticto-water relative electron density of 1.003), lungequivalent material (relative electron density 0.207) and bone-equivalent material (relative electron density 1.506) with 10 holes to hold interchangeable rod inserts for an ionisation chamber. The position of the holes was labelled, as shown in Figure 1 . The phantom was supplemented with a set of five electronic density reference plugs simulating muscle, bone, dense bone, lung and adipose equivalent tissue.
The phantom was CT scanned twice in participating centres. For the first scan, the relative electron density reference plugs were inserted to obtain the CT number to relative electron density (CT-to-RED) conversion curve. The tolerance value of 20 HU was used throughout the study [8] . For the second scan the reference plugs were replaced with the corresponding material plugs and it was used for the planning of clinical test cases. The local scanning protocol was used and the scanning parameters for both scans were kept the same. The local CT-to-RED conversion curve was kept for calculations.
Clinical test cases
CT images of the phantom in the DICOM format have been transferred to the TPS either through the local network or via the digital media. A set of clinical test cases was created to verify a range of basic treatment techniques applied in the clinical practice. The test cases, reference and measurement points have been described elsewhere [9] and for clarity are given in Table I . One measurement point for each test was used as the reference point. The outline of the holes and structures created around them (test 5) were used to set-up the isocentre/measurement point location as well as shape of the aperture. The locations of measurement points for each test case were selected such that high dose gradients and measurements in the penumbra region were avoided. The total number of measurement points in eight test cases was 15. The same set of clinical test cases was applied in all participating centres. Test cases were planned with the TPS and the number of monitor units or time to deliver the prescribed dose of 2 Gy to the reference point was calculated. The dose calculations were performed based on the grid size normally used in the centre's clinical practice. The TPS calculation algorithms in this study were all model based and they were grouped similarly to Knöös et al. [10] as follows:
Type (a) Model-based algorithms, which use pencil beam convolution model and primarily equivalent path length corrections to account for heterogeneities. Effects of lateral electron and photon transport are not modelled (no lateral transport); Type (b) Model-based algorithms, which primarily use point kernel convolution/ superposition model and account for density variation in 3D. Changes in lateral electron and photon transport are approximately modelled (with lateral transport).
List of TPS makes and algorithms is given in Table II . Tests 3,5 and 6 involves blocking of the rectangular field either by block or MLC (whichever was available and used for patient treatment). Acta Oncol Downloaded from informahealthcare.com by 161.5.6.220 on 10/29/13
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Measurements
Measurements were performed in 60 centres using different makes and models of clinical accelerators and Co-60 units listed in Table III . Photon beams were divided according to the energy into three groups: Co-60 beams, lower energy x-ray (4-6 MV) and higher energy x-ray (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) beams.
Farmer type ionisation chambers and reference class electrometers with the calibration traceable to the national or international secondary standards laboratories were employed throughout the audit. All measured doses were calculated using the IAEA TRS 398 code of practice [11] and reported in terms of the absorbed dose to water. When measuring in lung and bone equivalent materials, it was assumed that the doses were measured in small water cavities within these materials.
In addition to the measurements, relative output factors and wedge factors in TPSs were checked against the datasets published in the literature [12, 13] . According to published data [12] the mean wedge transmission data for the manufacturer's standard wedges on most makes and models of accelerators exhibited a Gaussian distribution with a standard deviation of 2%, therefore a 4% action level corresponding to two standard deviations (SD) of the mean value was chosen to evaluate the outliers for both relative output factors and wedge factors. Table I and they depend on the complexity of the test case geometry.
Analysis of the results
Results
Participating countries
The percentage of audited centres was on average 64% (range 29-100%) and included the major centres in the countries (Table IV) . The highest participation rate was in Estonia and Portugal and the lowest in Poland and Latvia. The low number of audited centres in Poland is due to the fact that the audit programme was planned for an extended time period and it is still going on in the country. The reason that some other centres have not participated in the audit was mostly related to the lack of TPS in the radiotherapy department or facilities for 3D-CRT at those institutions, in particular CT scanners. On average, one third of equipment in participating countries was older than 10 years, although it varied widely between countries (range 8-51%). 2D treatments presented in the Table IV were characterised by the manual calculations without using blocks/ MLCs, i.e. treatments with rectangular beams. 3D-CRT was the most common treatment approach in participating centres with the average percentage of treatment plans being 83%. Majority of the treatments were done with curative intent (average 70%). Most prevalent anatomical sites treated were breast, prostate, lung, and head and neck. The percentage of treatment plans in the participating centres where the dose calculation in the lung was required (breast, lung) was on average 33.3% (range 30-38%).
Measurement results
All data collected in the audit were analysed and feedback was provided to the centre through the auditing organisation. The results collected at the national level were sent to the global international database maintained by the IAEA.
About two thirds of the centres used the generic or TPS manufacturer supplied CT-to-RED conversion curves. In the majority of cases ( 95%) the difference was only seen in denser materials which have been estimated to have an impact of less than 2% on the dose calculation [9] . However, in several test cases the difference was also seen in the low density material. In the test case 5 point 7 (customised block, lung material) the difference between the measurements and the dose calculation due to the inaccuracies in the electron density conversion exceeded 4%. Simulator-based cone beam CT scans were used in one centre without proper CT-to-RED conversion curve, which resulted in all of the measurement points inside the lung being outside the agreement criteria.
One hundred and ninety datasets (combination of algorithm and beam quality) have been collected in 60 centres over the period of 2007-2012. The percentage differences between the measured and calculated doses for the various measurement points and test cases are presented in Figure 2 . The results are grouped by the calculation algorithm type and the mean relative difference between the calculated and measured doses %) is given with the error bars corresponding to two standard deviations. The value of the agreement criteria for each measurement point is shown as a thick black line. As expected, the mean and SD are smaller for type (b) algorithms (mean 0.5%, 2SD 3.3%) when compared to type (a) algorithms (mean 0.8%, 2SD 5.6%) [9] . The differences are particularly pronounced for points within the lung material (test case 1 point 9; test case 4 point 6; test case 5 point 7; test case 6 point 7). The largest deviations observed in the study were in the customised block test case 5 and point 7, which is located within lung equivalent material. The differences up to 17% were discovered for some of type (a) algorithms within the group of higher energy x-ray beams.
The histogram in Figure 3 summarises the results for different algorithm types and the beam energy groups. For Co-60 beams, type (a) model-based dose calculation algorithms generated major discrepancies between the calculations and the measurements. Many centres using older Co-60 units were equipped with TPS with type (a) algorithm only. In general, for linac beams the number of measurements with results outside the agreement criteria was higher for higher beam energies independent of the algorithm used.
Various dosimetry problems were identified in approximately 10% of datasets. The largest source of discrepancies was the TPS input data and inaccuracies in beam modelling (50%), and discrepancies in the beam calibration (39%). Various mechanical problems on treatment units accounted for about 11% of discrepancies. The output and wedge factor checks during the audit helped to identify some implementation of the TPS, including the input beam data and beam modelling, could lead to deviations up to 39% in a number of failing measurements points. In the analysed data the high energy beams showed less variation on average when compared to low energy beams in the same institutions.
Discussion
The majority of centres participating in the audit were from Central and Eastern Europe where various inadequacies in radiotherapy infrastructure have been identified [14] . These include insufficient numbers of radiotherapy equipment per cancer typographical errors in the input beam data. Figure  4 show the percentage of measurement results outside the agreement criteria in 12 audited centres that used similar combination of the TPS algorithm and the beam data, i.e. Varian Eclipse TPS with anisotropic analytical algorithm (AAA) algorithm and low and high energy x-ray beams generated by a dual energy Varian accelerators. In Figure 4 , the measurement data have been normalised to the reference point 3 (test case 1) to focus only on the local TPS implementation and exclude from the analysis any impact of the machine output variation or the beam calibration problems (N.B. this was not done for the data of Figures 2 and 3) . As can be seen, the local incidence resulting in high patient throughput on treatment units and, in addition, ageing radiotherapy equipment in some countries. Also, the dosimetry equipment and TPSs in those centres that have older treatment units are usually older models using simpler dose calculation algorithms. The percentage of deviations was somewhat higher in centres with older equipment than in those with the newer equipment. As well, no significant correlations have been found between the deviations in TPS audit results and patterns of radiotherapy infrastructure including staffing levels.
Following the findings of the TPS audit, there was a change in practice in those centres that had been using type (a) calculation algorithms before the audit and had a choice to use different algorithms [15] . CT-to-RED calibration curves have been updated in some centres which improved the agreement between measured and calculated doses. This has been confirmed through follow-up audits in some centres where deviations occurred. The follow-up visits were performed in those centres where resolution of the problems was taken more time than the auditor visit duration (typically 1-2 days). One centre did not use the inhomogeneity correction for treatment planning, but started to apply it after the results of the audit demonstrated the magnitude of deviations in the dose calculation. By appreciating the measurement results, the more accurate dose calculation algorithms have been employed for treatment planning, in particular for anatomical sites involving lung tissue. Dosimetric inter-institution comparison using an anthropomorphic phantom is a useful approach to verify the treatment planning and delivery of specific radiotherapy techniques for clinical trials [15] [16] [17] . These studies are helpful in identifying various deviations between the planned and delivered doses that can lead to improvements in treatment planning practices in radiotherapy centres. The range of dose deviations in the different centres performing 3D conformal radiotherapy observed in this study reflects upon the relative dosimetric accuracy of the treatment planning process from the CT scanning to the dose delivery. Deviations between the measurement and the calculation may arise for a number of reasons. These include: 1) inaccuracies in TPS beam data input, 2) suboptimal beam modelling, 3) limitations of dose calculation algorithms, 4) dosimetry errors in the calibration of treatment beams, 5) differences in CT-to-RED calibration curves, and 6) various other reasons. Some deviations are related to systematic errors associated with the algorithm limitations, while others may indicate the deficiencies in the different parts of the treatment planning process and the dose delivery chain. The differences between algorithms have been extensively described in the literature [18] [19] [20] . The number of measurements with results outside the agreement criteria and the magnitude of dose differences between the calculated and the measured dose values for each test case are lower for more advanced algorithms which is in line with the previous publication [6] . Most of the large deviations ( 5%) occurred in the lung equivalent material which is similar to the findings by other authors [18, 19] . The results confirmed the inadequacy of the type (a) algorithms to manage the dose calculation in the presence and inside the low density heterogeneities. Type (b) algorithms showed better performance in the applied test cases with most results within the specified agreement criteria. The dose difference inside the bone equivalent material was underestimated on average by 3% for high energy x-ray beams for all algorithm types. Similar results for some TPSs as used in this study were found in the study performed by Carrasco et al. [20] .
However, the main advantage of the independent audit is to identify problems that are not related to well-known limitations of the calculation algorithm. Problems in the local TPS implementation including inaccurate TPS input data and poor quality beam modelling were the greatest contributors to faulty results obtained in this study. Errors in machine calibrations and the inaccurate calibration dose value in the TPS was another major contributor to observed deviations. Although none of the differences in the beam calibration exceeded 5% (current IAEA threshold in postal TLD audit), the fact that there was a deviation in the reference dose (point 3 of test case 1) by more than 2% had an impact on the results for all other tests. While typographical errors may be limited to a particular field size range or a wedge, the beam modelling problems could have influence on the dose calculation for every field (e.g. if it involves incorrect energy spectrum). As can be seen from Figure 4 , errors in input beam data and suboptimal beam modelling could result in as much as six times more results being outside the agreement criteria than for more optimal beam data representation in TPS. In this subset of data for one particular manufacturer the number of measurement points with results outside agreement criteria are higher for lower energy beams than for higher energy beams which could be partly attributed to the fact that beam modelling of lower energies may be more prone to discrepancies due to steeper depth dose curves and penumbras than higher energies. Similar findings for the same type of accelerators and the same TPS make and algorithm were observed in the study by Breitman et al. [21] where they compared the results of measurements in the water phantom with TPS calculations based on the "golden beam data" sets. Re-commissioning of the TPS with carefully measured data had improved the agreement between calculated and measured doses in their case, which also emphasises the importance of proper input data and beam modelling process. This would be even more pronounced if the same model was used for intensity-modulated radiotherapy (IMRT). In addition, some problems related to treatment units were detected such as a loose wedge and treatment couch table top not taken into account in the dose calculation, which resulted in up to 8% lower dose than expected for 180 degree beam (test case 4). The subset of results presented in Figure 4 showed an opposite trend to the global findings where the number of measurement points with results outside agreement criteria was higher for high energy beams (Figure 3 ). In the global results the proportion of "problematic" datasets were smaller, therefore the findings presented in Figure 3 could be partially attributed to the fact that the ranges of secondary particles created by high energy x-ray beams are larger and therefore integration of dose contribution by these secondary particles may be more problematic for the current dose calculation algorithms when compared with low energy beams.
Another finding of the study was that the largest number of measurement points with results outside the agreement criteria was for Co-60 gamma beams. More detailed analysis of the data suggested that those were primarily related to the inaccuracies of the beam calibration and various problems related to treatment units. This is in line with IAEA/WHO TLD audit observations that a larger number of dose audit results falling outside the 5% acceptance limit is for Co-60 gamma beams whereas x-ray beams from linacs are generally calibrated more accurately [22] .
Overall, for the particular phantom and methodology employed in the current study, the majority of participating centres that used type (b) calculation algorithms have demonstrated the ability to deliver and report the dose correctly to within 2-5% depending on the complexity of the treatment plan. This finding is similar to the uncertainties estimated as practically achievable by AAPM and others [23, 24] . However, in realistic clinical situations where not a dosimetry phantom, but a patient is irradiated, the overall uncertainty in the dose delivery is likely to be higher due to a number of reasons including geometrical uncertainties resulting from the patient breathing and organ motion, set-up reproducibility, etc. To evaluate the overall uncertainty in the radiotherapy dose delivery process including both dosimetric and geometrical components, more complex audit methodology would be needed to design which should also include tests for image guidance system and phantom movement simulating patient breathing, phantom positioning reproducibility as well as measurements of the dose distribution, particularly for more advanced techniques such as IMRT.
One of the advantages of the current TPS audit approach is that all audit steps involving CT imaging, planning and measurements are closely followed at the local centre because the auditor is present on-site and ensures the consistent and accurate execution of the audit procedure among the participating centres. Another advantage is that the measurements with ionisation chamber provide real-time reading and discrepancies that occur in the measurements can be resolved while auditor is still on-site. However, some of the audit aspects related to the dose distribution measurement could be better explored with other dosimetry systems such as TLD in conjunction with films used in the remote audit [16] , but the process of resolving discrepancies in the remote audit is more difficult than during on-site audit.
As the rate of introduction of new equipment and treatment methods is growing, there is a need to continue the independent verification of radiotherapy planning and delivery using the end-to-end approach, as described in this paper. As delivery methods are becoming more complex there may be a larger number of centres that would not be able to pass the initially set criteria [16] . However, conducting similar dosimetry audits and repeating them over the time have been shown to improve the consistency between the measured and calculated doses and to increase the confidence in the new dose planning and delivery methods [16, 25] .
In summary, the methodology for TPS audit described in the IAEA TECDOC 1583 [9] has been applied in 60 radiotherapy centres in Europe. The range of observed dose deviations was presented and discussed. Errors have been identified in nearly 10% of datasets and corrective actions have been taken. Acta Oncol Downloaded from informahealthcare.com by 161.5.6.220 on 10/29/13
Most of errors were related to the beam data input to TPS and suboptimal beam modelling as well as inaccurate beam output dosimetry.
Following the findings of the audits, several radiotherapy centres have improved their treatment planning procedures by employing type (b) algorithms for the dose calculation in lung tissue rather than using type (a) algorithms that produce larger discrepancies. Overall, the IAEA supported national TPS audit has contributed to achieving better understanding of the performance of TPSs and their limitations.
